Introduction
============

Paraneoplastic neurological disorders (PNDs) are neurological manifestations associated with cancer that do not originate from tumor growth or the metabolic, infectious and toxic complications of malignancy and/or its treatment. This group of syndromes is highly diverse in terms of tissue damage and clinical signs. PNDs develop in the frame of naturally occurring antitumor immune responses. The targets of such an immunological response against malignant cells are self antigens physiologically expressed by the normal nervous system and ectopically expressed by cancer cells. One of the most frequent PND is the paraneoplastic encephalomyelopathy/paraneoplastic sensory neuronopathy (PEM/PSN). PEM/PSN has also been named anti-Hu antibody-associated (or simply anti-Hu) syndrome, after its linkage with high circulating levels of anti-Hu antibodies has been appreciated.

Clinical Aspects of the Anti-Hu Syndrome
========================================

In 85% of the cases, the anti-Hu syndrome is associated with lung cancer, mostly small-cell lung cancer (SCLC). More rarely, it develops in association with extrathoracic neoplasms such as neuroblastoma or intestinal, prostate, breast, bladder, and ovary carcinomas. Some patients affected by the anti-Hu syndrome present more than one primary cancer. Neurological manifestations compatible with the diagnosis of PEM/PSN have been observed in 1.4% of 432 SCLC patients and much more rarely in individuals bearing other types of cancer.[@R1]^,^[@R2]

A polyclonal antibody response against nuclear antigens expressed in the central nervous system (CNS), enteric neurons and dorsal root ganglion neurons, but not in other adult normal tissues was first identified in 1985 in 2 patients presenting SCLC associated with subacute sensory neuropathy.[@R3] The expression "anti-Hu antibodies" was coined based on the first 2 letters of the surname of these patients. Anti-Hu antibodies were soon detected in multiple patients manifesting a rapid development of diverse neurological manifestations, including sensory neuropathy, cerebellar ataxia, limbic encephalitis, brainstem encephalitis, myelitis, or intestinal pseudo-obstruction. Anti-Hu antibodies are in fact frequently detected in multiple of the above-mentioned syndromes occurring in a paraneoplastic context. Interestingly, high titers of anti-Hu antibodies are absent in SCLC patients who do not exhibit neurological disorders.

Of major clinical importance, these neurological manifestations precede the diagnosis of the cancer in more than 80% of the cases. Therefore, the detection of high circulating titers of anti-Hu antibodies in patients with a neurological condition indicates a paraneoplastic syndrome and should lead to a very thorough search of the underlying neoplasm. In some instances, the tumor is discovered only post-mortem or never, indicating either a complete disease regression[@R4] or the occurrence of such autoimmune neurological manifestations independent of neoplasia. Indeed, cases of limbic encephalitis associated with anti-Hu antibodies but not with cancer have been described in children.[@R5] A spontaneously regressing or occult neuroblastoma cannot be formally excluded in these rare cases.

Interestingly, tumors exhibit a significantly less severe course and a lower propensity to generate metastases in patients with PEM/PSN than in patients who do not develop PNDs.[@R6]^,^[@R7] The effect on tumor spread and overall survival is however moderate, and only 30% of patients survive for more than 2 y.[@R7]^,^[@R8] In as much as 60% of the cases, the prognosis of the patients is determined by the outcome of the neurological disorders rather than by tumor progression.[@R9] Of note, SCLC patients who do not manifest PNDs but harbor low titers of anti-Hu antibodies experience tumors of low stage, frequently respond to therapy, and live longer than cancer patients not producing anti-Hu antibodies.[@R10]^,^[@R11] These findings reinforce the hypothesis that effective antitumor immune responses targeting Hu antigens may be dissociated from autoimmune manifestations.

As anti-Hu antibodies bind to antigens expressed both in malignant cells and healthy neurons, it was tempting to hypothesize that the anti-Hu syndrome could be an autoimmune disease triggered by cancer. This is reminiscent of vitiligo, developing in certain cases of melanoma,[@R12] although in the case of PNDs, the cells targeted by the autoimmune process belong to a different tissue than their malignant counterparts, i.e., the immunoprivileged CNS.

Hu Antigens
===========

Hu antigens in healthy neurons
------------------------------

The search for the molecular targets of anti-Hu antibodies led to the identification of 3 proteins of approximate molecular weight of 35--38 KDa expressed in the CNS. In malignant cells, the 38 KDa band is not detected. Screening a cDNA expression library from the human cerebellum with the sera of patients affected by the anti-Hu syndrome allowed for the cloning of the highly homologous genes *HuD* (official name: ELAV like neuron-specific RNA binding protein 4, *ELAVL4*), *HuC*, (official name: ELAV like neuron-specific RNA binding protein 3, *ELAVL3*) and *HuB* (official name; ELAV like neuron-specific RNA binding protein 2, *ELAVL2*; also known as Hel-N1). The Hu family actually consists of 4 members: HuA (official name: ELAV like RNA binding protein 1, ELAVL1; also known as HuR), HuB, HuC, and HuD. These proteins share extensive homology and are highly-conserved across species.[@R13] HuA, the most divergent, is ubiquitously expressed[@R13]^,^[@R14] and is not recognized by paraneoplastic antibodies. In contrast, HuB, HuC, and HuD expression is restricted to neurons, which all express one or more of these proteins.[@R13]

The Hu proteins are highly homologous to the *Drosophila melanogaster* nuclear protein ELAV (embryonic lethal abnormal visual), which plays a key role in neuronal development.[@R15]^,^[@R16] HuB, HuC, and HuD operate as neuron-specific RNA-binding proteins. They contain 3 distinct RNA recognition motifs that bind to AU-rich sequences, which often characterize the 3′ untranslated region of mRNAs and control their expression.[@R17] Indeed, the Hu proteins have been implicated in mRNA stabilization and RNA turnover.[@R18]^,^[@R19] Among various target mRNAs, HuD has recently been shown to bind, hence stabilizing, the brain-derived neurotrophic factor (BDNF)-coding mRNA.[@R20] Moreover, neuronal Hu proteins have been shown to bind pre-mRNA species, thus regulating their alternative splicing.[@R21] HuD is highly expressed in the nucleus, but also translocates to the cytoplasm, where it localizes within small granules.[@R22] The cytoplasmic localization of HuD appears to be essential for neuronal differentiation.[@R23] In addition, HuD has been shown to interact with AKT1 to trigger the outgrowth or neurites.[@R24] Thus, Hu proteins, in particular HuD, have a major impact on multiple key neuronal processes.

Hu antigens in malignant cells
------------------------------

Whereas HuB, HuC, and HuD are all expressed in CNS neurons, HuD is Hu antigen most frequently expressed by SCLC cells. This is a consistent observation in SCLC patients, irrespective of whether they develop PEM/PSN or not.[@R6]^,^[@R25] The HuD-coding mRNA has also been detected in SCLC cell lines.[@R26] No somatic mutations or deletions/insertions affecting *HuD* have been observed in SCLC cell lines or tumors, including those from patients with PEM/PSN.[@R27]^-^[@R29] However, a fine analysis of the post-translational modifications of HuD in cancer cells from patients developing or not PNDs has not been performed to date. Indeed, malignant cell-specific post-translational modifications of HuD may favor the development of an immune response that cross-reacts with neuronal Hu proteins. Moreover, the possible function(s) of HuD in the tumor biology, if any, has not been uncovered so far. SCLC and many cancers associated with PEM/PSN exhibit a neuroectodermal origin. The neuroectoderm includes the neural crest (melanocytes, dorsal root ganglia, ganglia of the autonomous nervous system, adrenal glands, Schwann cells, ...) and the neural tube (brain, spinal cord, retina, neurohypophysis). As a result, most SCLCs are composed of cells with a neuroendocrine phenotype, characterized by elevated expression levels of *L*-dopa decarboxylase, neuron-specific enolase, and neuropeptides.[@R30] These features resemble those of neural crest-derived endocrine cells disseminated in the normal bronchial mucosa. Such a shared embryonic origin could explain the expression of HuD by SCLC cells.

Autoimmune responses against Hu proteins
========================================

Humoral responses
-----------------

The serum of patients with the anti-Hu syndrome reacts with HuB, HuC, and HuD. Since HuD is the only Hu protein consistently expressed by SCLCs,[@R25] it is the most likely initiator of autoimmune response against Hu antigens.

The presence of anti-HuD antibodies can be revealed using a large variety of techniques. The initial screening is generally performed by indirect immunohistochemistry on frozen sections of healthy human or rodent cerebral cortex, which results in a strong nuclear and weak cytoplasmic staining in the presence of anti-HuD antibodies ([Fig. 1A](#F1){ref-type="fig"}). To firmly identify the antigenic targets, immunoblotting is performed as a complementary test ([Fig. 1B](#F1){ref-type="fig"}), using either neuronal nuclear extracts or recombinant HuD.[@R31]^-^[@R33] ELISA can also be used, but its sensitivity appears to be lower than that than of immunoblotting on purified HuD.[@R33]

![**Figure 1.** Detection of autoantibodies associated with the anti-Hu syndrome. (**A**) Patient sera containing Hu-specific autoantibodies specifically recognize neurons in the central nervous system (CNS) (magnification 200 ×). Briefly, hippocampal (left panels) and cerebellar (right panels) rat slices (EuroImmun) were incubated with serum from either an individual not affected by paraneoplastic neurological disorders (PNDs) (negative control), either a patient with a confirmed anti-Hu syndrome (positive control), or a subject suspected to suffer from the anti-Hu syndrome, followed by the detection of bound IgG using biotinylated goat anti-human IgG, ABC and VIP kits (Eurobio). The test serum turned out to contain anti-neuron antibodies exhibiting a staining pattern compatible with that of anti-Hu antibodies. (**B**) The molecular identification of the specificity of such neuron-specific IgGs is made by immunoblotting-based diagnostic tests. Patient-derived serum (1/100 dilution) and cerebrospinal fluid (when available) are incubated on a membrane stripped (right panel) with paraneoplastic neurological syndrome-associated antigens, including amphiphysin, CV2, PNMA2 (Ma2/Ta), Ri, Yo, and Hu proteins (EuroImmun). Upon washing, bound IgGs are detected using alkaline phosphatase-conjugated anti-human IgG antibodies and their position is confronted to a reference scheme.](onci-2-e27384-g1){#F1}

The titers of circulating anti-Hu antibodies usually ranges from 2000 to 64 000 fold dilution in patients with PEM/PSN.[@R32]^,^[@R34] Elevated serum titers of anti-Hu antibodies provide a highly valuable diagnostic biomarker. Conversely, low levels of anti-Hu antibodies can be detected in the absence of PNDs in 16 to 22.5% of SCLC patients and in less than 1% of patients with other malignancies.[@R10]^,^[@R33]^,^[@R35]

The anti-HuD IgG response is polyclonal and subclass distribution analyses revealed that anti-Hu IgGs belong predominantly to the IgG1 and IgG3 isotypes.[@R34]^,^[@R36]^,^[@R37] The HuD domains encompassing residues 90--101 and 171--206 are recognized by all anti-Hu serum samples. Conversely, the 223--234, 235--252, and 354--373 epitopes only react with sera of some patients with the anti-Hu syndrome.[@R38]

The titers of anti-Hu antibodies in the cerebrospinal fluid (CSF) vary from 100 to 4000 fold dilution, pointing to intrathecal synthesis.[@R32]^,^[@R39]^,^[@R40] Indeed, when adjusted to the same IgG concentration, the CSF/serum anti-Hu antibody index is \> 1 in 86% of patients with paraneoplastic encephalomyelopathy.[@R39] In patients exhibiting a CSF/serum antibody index \> 1.5, a strong indication of the oligoclonal intrathecal synthesis of HuD-specific IgGs was obtained using isoelectric focusing followed by immunoblotting on HuD-loaded nitrocellulose membranes.[@R41] Collectively, these findings indicate that anti-HuD autoantibodies are produced intrathecally in patients with robust CNS involvement. However, patients presenting with isolated PSNs do not exhibit intrathecal anti-Hu antibody synthesis.[@R32] Interestingly, plasmapheresis succeeds in reducing the levels of anti-Hu autoantibodies in the serum but not in the CSF.[@R39]

Anti-Hu antibodies persist over time in the serum of SCLC patients with PEM/PSN while SCLC patients who do not develop PND remain seronegative.[@R42] Importantly, 8--40% of the patients with PEM/PSN and anti-Hu antibodies also harbor autoantibodies targeting other neural antigens.[@R35]^,^[@R43]^,^[@R44]

Functional properties of anti-Hu antibodies
-------------------------------------------

Since anti-Hu antibodies target intracellular antigens, their pathogenic and antitumor potential is questionable. Interestingly, a study documented the expression of Hu-related antigens on the surface of SCLC and neuroblastoma cell lines.[@R45] Whether neurons exhibit a similar expression pattern of Hu proteins is currently undetermined.

Experimentally, the contribution of anti-Hu antibodies to the development of PEM/PSN has been investigated in vitro, in cell cultures, and in vivo, upon injection of human antibodies to laboratory animals. In vitro, monoclonal antibodies specific for HuD have been shown to promote the apoptotic demise of neuroblastoma cell lines and primary myenteric neurons.[@R46] The serum or IgG preparations from patients with the anti-Hu syndrome could also kill human HuD-expressing cell lines and primary rodent neurons, a phenomenon that was accelerated in the presence of the complement system.[@R46]^-^[@R48] However, this observation is not universal, and the lack of cytotoxic effects of anti-Hu positive sera on HuD^+^ cancer cells or primary murine neurons has also been reported.[@R49]^,^[@R50] Moreover, even when neuronal cytotoxicity was observed, the specificity of the pathogenic autoantibodies was questioned, as the patients' IgGs, but not an anti-HuD monoclonal antibody tested alongside, mediated such an effect.[@R48] As discussed above, the serum of patients with PND often contain multiple neuron-targeting autoantibodies, some of which recognize surface receptors. Therefore, unless proper specificity assays are conducted, for instance upon pre-absorbing IgG preparations on recombinant HuD, formal conclusions regarding the impact of anti-Hu antibodies on neuronal viability are difficult to reach.

The intravenous administration of IgGs from patients with PEM/PSN and high titers of anti-Hu antibody to mice did not result in any CNS lesion.[@R51]^,^[@R52] In addition, all attempts to generate rodent models of the anti-Hu syndrome upon immunization with recombinant HuD failed to induce any signs of disease, CNS inflammation or neuronal degeneration, despite the development of high circulating titers of anti-HuD antibodies.[@R51]^,^[@R53]

Thus, although the presence of high anti-Hu titers in PND patients represents a highly valuable diagnostic tool, their role in disease pathogenesis appears at best dubious. Nevertheless, these autoantibodies reflect a strong autoimmune/antitumor immune response in which autoreactive T cells, specific for HuD or other self antigens, are likely to be involved.

T cell responses
----------------

The peripheral blood mononuclear cells (PBMCs) of SCLC patients with the anti-Hu syndrome exhibit an accumulation of activated HLA-DR^+^CD4^+^ T cells and memory CD45RO^+^CD4^+^ helper T cells as compared with anti-Hu antibody-negative SCLC patients.[@R54]^,^[@R55] An increase in activated CD8^+^ T cells in these patients has also been reported.[@R55] CD25^bright^CD4^+^ FOXP3^+^ T cells of untested immunosuppressive potential are elevated in SCLC patients regardless of the development of PEM/PSN. However, a reduced expression of FOXP3-, transforming growth factor β1 (TGFβ1)- and cytotoxic T lymphocyte-associated protein 4 (CTLA4)-coding mRNAs has been detected in regulatory T cells from SCLC patients with PEM/PSN, suggesting a defect in their immunosuppressive activity.[@R56] Consistent with the pleiocytosis observed in diagnostic CSF analyses,[@R57] increased amounts of T cells, mostly memory CD4^+^ and CD8^+^ T cells, characterize the CSF of patients with the anti-Hu syndrome.[@R58]

The involvement of (most often circulating) autoreactive T cells in the anti-Hu syndrome has been investigated using a variety of methodological approaches. The PBMCs of SCLC patients with high anti-Hu antibody titers proliferate more vigorously in response to HuD and secrete abundant interferon γ (IFNγ), but not IL-4, as compared with PBMCs from SCLC patients without anti-Hu antibodies.[@R54] HuD is therefore a likely antigenic target for primed autoreactive CD4^+^ T cells, presumably of the T~H~1 subtype, implicating cell-mediated immunity in the anti-Hu syndrome. However, CD4^+^ T-cell depletion, purification or blockade experiments using anti-HLA class II antibodies have not yet been performed, and would be needed to unambiguously identify the responding cell type.

CD8^+^ T cells are considered to be the killer cell by excellence and are suspected to play a key pathogenic role in paraneoplastic cerebellar degeneration, another type of PND.[@R59]^,^[@R60] In addition, solid tumors can express high level of MHC class I molecules and accumulating data indicate that MHC class I molecules can be upregulated on neurons, in particular during inflammatory conditions.[@R61] Thus, both cancer cells and neurons could be the targets of CD8^+^ T cells. However, in the past decade, efforts to identify HuD-specific CD8^+^ T cells in SCLC patients with the anti-Hu syndrome, using a combination of cytokine release assays and flow cytometry based on HLA:HuD peptide tetramers, have yielded conflicting observations. Indeed, some investigators have reported negative results,[@R62]^,^[@R63] while others have found consistent evidence for such HuD-specific CD8^+^ T cells.[@R64]^-^[@R66] This discrepancy may relate to the methodological approaches employed by these groups. Alternatively, it could be connected to timing, as the PBMCs of patients assessed within the first 3 mo of PEM/PSN onset exhibited more robust IFNγ ELISPOT responses to HuD-derived peptides than the PMBCs of patients tested later.[@R65] Finally, the abovementioned discrepancy may reflect the assay used for the detection of HuD-specific CD8^+^ T cells. Indeed, in a study involving 4 HLA-A03:01-expressing patients with the anti-Hu syndrome, the PBMCs of only one were found to exhibit a classical cytotoxic profile with IFNγ secretion in response to the HuD~140--148~ peptide. Surprisingly, the PBMCs of 2 patients displayed a robust production of interleukin (IL)-5 and IL-13 in response to HuD~164--172~ stimulation, but almost undetectable cytotoxicity or IFNγ production.[@R67] Of note, the PBMCs of none of the control subjects exhibited any type of response to HuD-derived peptides. These data suggest that anti-HuD CD8^+^ T-cell responses could be skewed toward a type 2, non-cytotoxic, profile in some patients with the anti-Hu syndrome, a pattern that could be easily missed using usual functional assays. However, whether the type of CD8^+^ T-cell response observed in PBMCs is reflective of what occurs within neoplastic lesions and in the nervous system is unknown. If so, how the effective antitumor response and neurological damage could be mechanistically explained?

Finally, it is possible that autoreactive T cells in the anti-Hu syndrome recognize additional or alternative neuronal antigens. Indeed, although antigens recognized by autoantibodies and autoreactive T cells largely overlap in most organ-specific autoimmune diseases, this is not necessarily the case.[@R68] This aspect has not yet received adequate attention.

How is immune tolerance to neuronal Hu antigens broken in patients with PEM/PSN?
--------------------------------------------------------------------------------

Studies performed in mice revealed that HuD-specific CD8^+^ T cells can be elicited upon immunization with recombinant adenoviruses expressing full-length HuD.[@R69] However, the need for adjuvants and for further in vitro stimulation to detect HuD-specific CD8^+^ T cells point to a reduced frequency of HuD-specific T-cell precursors, their limited functional avidity, and/or to the existence of robust immunosuppressive network that operate in vivo to maintain these cells under control. The robust ex vivo CD8^+^ T-cell response generated in HuD-deficient, but not in wild-type, mice provided direct evidence for partial induction of tolerance to HuD under physiological conditions.[@R69] Interestingly, HuD is expressed, although at low levels, by MHCII^high^ thymic medullary epithelial cells and thymic CD8^+^ dendritic cells (<http://immgen.org/>). Importantly, patients with the anti-Hu syndrome do not manifest autoimmune reactions in tissues other than the nervous system, underlining the selective breakdown of tolerance to HuD, but not other Hu antigens such as HuA. However, up to 40% of patients with the anti-Hu syndrome harbor autoantibodies specific for other neuronal proteins, such as the P/Q type voltage-gated calcium channel (associated with Lambert--Eaton myasthenic syndrome), indicating that self sensitization is not exquisitely directed to Hu antigens.[@R43]

Given the constant expression of HuD by SCLC cells, it is currently unclear why some patients develop PEM/PSN whereas others do not. Parameters intrinsic to the tumor and/or to the host may contribute to this range of variability. In patients with SCLC and the anti-Hu syndrome, MHC class I molecules were detected by immunohistochemistry at moderate or high levels in the neoplastic lesions of 13 out of 15 cases, whereas such levels were observed in none of 11 SCLC patients who did not develop PEM/PSN. In addition, the focal expression of HLA-DR was more frequent in tumors from SLCL patients with the anti-Hu syndrome than in patients without (6/15 *vs* 0/11).[@R42] As a cause or consequence of this HLA expression pattern, tumors from PND patients may be heavily infiltrated with inflammatory cells.[@R70] However, a thorough comparison of the cellular and molecular immune signature of neoplastic lesions from patients who developed or not PNDs has not yet been performed. This is highly relevant since the type, density, and location of tumor-infiltrating immune cells as well as the expression of genes related to immunological functions carry prognostic and predictive value.[@R71] As mentioned earlier, either cancer cell-specific post-translational modifications of HuD and an unusual antigen processing within neoplastic lesions could favor the development of autoimmune responses targeting neuronal Hu. Such mechanisms have been implicated in tissue-specific autoimmune diseases in non-paraneoplastic contexts.[@R68]^,^[@R72]^,^[@R73] As for host factors, the HLA-DR3 and HLA-DQ2 have been associated with the anti-Hu syndrome in one study,[@R74] but not in a second one assessing only DR alleles.[@R75] To date, no other genetic polymorphisms have been associated with PEM/PSN.

Here is a plausible scenario for the development of an autoimmune reaction against Hu proteins in patients with cancer of neuroectodermal origin. Although all SCLCs express HuD, the cross-presentation of HuD by dendritic cells and the activation of an efficient anti-Hu T-cell response is expected to occur only in a subset of patients, based on the available T-cell repertoire and genetic polymorphisms impacting on the magnitude and quality of the immune response, such as those within the HLA locus. The priming of a T-cell response specific for HuD (and possibly other onconeural antigens) may be sustained within the neoplastic lesion itself, owing to the ability of malignant cells to express MHC molecules, possibly resulting in the inhibition of tumor growth. Since 15% of SCLC patients harbor low circulating titers of anti-Hu antibodies in the absence of neurological manifestations, HuD-specific immune responses might need to exceed a minimal threshold to overcome the relative immune privilege of the CNS. Above such a threshold, the HuD-specific immune response is expected to involve the CNS, as documented by the intrathecal synthesis of HuD-specific IgGs,[@R41] as well as by the detection of HuD-specific CD8^+^ T cells in the CSF.[@R67] This chronic autoimmune reaction ultimately leads to neuronal destruction and fixed neurological disability ([Fig. 2](#F2){ref-type="fig"}). The stabilization of neurological signs as well as the disappearance of anti-Hu antibodies has been associated with complete tumor response to therapy.[@R7]^,^[@R76] These data suggest that malignant cells fuel the autoimmune process through the release of tumor-associated antigens.

![**Figure 2.** Immunopathogenesis of the anti-Hu syndrome. An anti-Hu syndrome occurs when a vigorous immune response develops against the normally neuron-restricted antigen HuD ectopically expressed by an underlying tumor, most often small-cell lung carcinoma (SCLC). Tissue-resident dendritic cells capture antigens derived from malignant cells, including HuD (**A**). After the homing of these dendritic cells to tumor-draining lymph nodes, tumor-associated antigens, including HuD, are processed and presented to activate antigen-specific CD4^+^ and CD8^+^ T cells (**B**). The activation of tumor-specific T cells may also occur within neoplastic lesions. In either case, tumor-specific T cells can reach neoplastic lesions. As cancer cells sometimes express MHC class I molecules and likely present HuD-derived peptides, they become attractive targets for HuD-specific CD8^+^ T cell killing. Partial (or in rare cases complete) control of the tumor growth is therefore afforded (**C**). In parallel, the HuD-specific T cells activated in tumor-draining lymph nodes and/or within neoplastic lesions, circulate and acquire the capacity to cross the blood-brain-barrier (**D**). In the central nervous system (CNS), neurons can also express MHC class I molecules, in particular under inflammatory conditions, and can therefore present peptides derived from the highly homologous HuD, HuB, HuC proteins. Thus, neurons become additional targets for HuD-specific CD8^+^ T cells, resulting in neuronal tissue damage and the related paraneoplastic neurological manifestations (**E**).](onci-2-e27384-g2){#F2}

Mechanisms of Tissue Damage in the Nervous System
=================================================

The anti-Hu paraneoplastic syndrome is a heterogeneous disorder with highly diverse clinical and pathological manifestations in terms of lesion sites, inflammatory infiltrates, and neuronal damage. Despite this heterogeneity, a good correlation exists between the location and magnitude of neuronal loss or tissue damage and the type and severity of the clinical signs. Variable regions of the nervous system can be affected, with a preferential targeting of the hippocampus, lower brain stem, spinal cord, and dorsal root ganglia (DRG).[@R9]^,^[@R77]^,^[@R78] However, the cortex, medulla, amygdala, putamen, cingulate gyrus, and pons can also be affected.[@R77]^,^[@R78] Neuropathological lesions are usually more widespread than anticipated based on clinical data. In the affected areas, neuronal loss, axonal damage, reactive gliosis, and microglial nodules are conspicuous.[@R79] In contrast, there is no evidence of astrocyte and oligodendrocyte loss or demyelination.[@R79] Ongoing neuronal apoptosis is either lacking or only occasionally detected, possibly a result of the subacute/chronic course of the disease or the post-mortem origin of the tissue under investigation.[@R77]^,^[@R79]

In patients with PEM/PSN, IgG deposits are detected in the nervous tissue, predominantly in the nuclei of CNS and DRG neurons, and to a lesser degree in the cytoplasm.[@R10]^,^[@R37]^,^[@R80] This cellular distribution is highly reminiscent of the staining pattern observed with anti-Hu antibodies. The extraction of IgGs deposited in nervous tissues revealed that at least part of these IgGs are indeed anti-Hu antibodies. In some patients, abundant IgG deposits have been detected on the neuronal surface,[@R37] suggesting the co-existence of additional anti-neuron autoantibodies. The amount of anti-Hu IgGs in specific areas of the nervous system is higher than its serum counterpart.[@R80] However, the major clinical signs do not correlate with the localization of anti-Hu IgGs, as assessed by histology.[@R78]^,^[@R80] Furthermore, in mice transferred with IgG from patients affected by the anti-Hu syndrome, intraneuronal IgG deposits were no longer detected if the animals were perfused before brain tissue processing.[@R51] The question of whether the anti-Hu IgGs deposited in the neuronal tissue of patients with PEM/PSN represents an artifact or a phenomenon of potential pathogenic relevance is therefore raised. Irrespective of this issue, which requires further investigation, the complement system does not seem to play a significant role in the pathogenesis of the anti-Hu syndrome. Indeed, parenchymal C3 immunoreactivity is weak or absent and no C9neo staining (a marker of complement-mediated tissue injury) is observed in affected brain areas.[@R37]^,^[@R77]^,^[@R79]^,^[@R81]

Inflammatory infiltrates are commonly found in DRG as well as in the CNS perivascular space and parenchyma. They are mainly composed of T cells, whereas natural killer (NK) cells are absent.[@R37]^,^[@R77]^,^[@R79]^,^[@R81] B cells are occasionally detected in the perivascular cuffs and meninges but they rarely infiltrate the brain parenchyma. In inflamed tissues, macrophages are mostly restricted to the perivascular space, whereas CD68^+^ microglial cells are found in the parenchyma.[@R37]^,^[@R77]^,^[@R82]^,^[@R83] Among T lymphocytes, CD4^+^ T cells are mainly located in perivascular areas, whereas CD8^+^ T cells represent by far the major component of the parenchymal infiltrates.[@R37]^,^[@R77]^,^[@R79]^,^[@R82]^,^[@R83] CD8^+^ T cells usually form clusters and frequently localize around neurons.[@R77]^,^[@R79] Immunohistochemical analyses revealed a close contact of cytotoxic granule-containing T cells with neurons in the brain tissue or DRG of patients with the anti-Hu syndrome, with, in some instances, indentation of the neuronal surface by the "attacking" CD8^+^ T cells.[@R83] MHC class I molecules has been shown to be expressed on neurons in the inflamed nervous tissue from patients with PEM/PSN.[@R79]^,^[@R84] In this context, the close apposition of CD8^+^ T cells with neurons and the polarization of membranous CD107a[@R79] may reflect a cognate, antigen-dependent, in vivo interaction leading to the neuronal demise. In addition, CD8^+^ T cell-derived IFNγ has recently been demonstrated to promote the loss of dendrites and synapses, underlying the need to assess presence of this cytokine (or phosphorylated signal transduction and activator of transcription 1, STAT1) in brain sections from patients affected by the anti-Hu syndrome.[@R85] In these individuals, the amount of reactive microglia is increased in all affected areas of the CNS. Microglial cells participate in the clusters of inflammatory cells in the gray matter and, together with CD8^+^ T cells, surround neurons.[@R77]

Collectively, these observations strongly suggest that a cytotoxic CD8^+^ T cell-mediated attack contributes to neuronal death and axonal damage that characterize the anti-Hu syndrome, and therefore to its neurological manifestations. However, it remains to be determined whether these CD8^+^ T cells are Hu-specific. Studies of the specificity of tissue-derived TCRs should help resolve this question. To date, the analysis of TCR β chain usage by immunohistochemistry has revealed an overrepresentation of certain Vβ families in 3 out of 5 patients with PEM/PSN. Lesion-infiltrating T cells expressing the expanded Vβ families were mostly CD8^+^ T cells. Interestingly, in some patients, similarly expanded Vβ sequences were detected in the CSF or affected areas of the nervous system as well as within neoplastic lesions.[@R76]^,^[@R86]

Future Directions
=================

Future investigations to obtain better insights into the mechanisms leading to antitumor immunity and nervous tissue autoimmunity in patients with PEM/PDN should integrate the in-depth molecular analysis of tissue samples (neoplastic lesions as well as neural tissue) and the development of relevant animal models. In turn, this new knowledge should assist the development of effective immunotherapies, which are dearly needed for patients suffering from the anti-Hu syndrome.

The mechanisms that trigger anti-Hu antibody-associated PNDs are not yet elucidated but appear tightly linked to the development of a partly efficient antitumor immune response. The comparison of the type, density, and location of tumor-infiltrating immune cells in SCLC patients who developed or not an anti-Hu syndrome, complemented by gene-expression profiling studies, may identify signatures that are predictive of improved tumor control and/or PND development. Confronted to data emerging from a wide variety of cancers,[@R71] this information will help investigators to assess whether the magnitude and functional orientation of intratumoral adaptive immune responses correlate with development of the anti-Hu syndrome. Similarly, the immune reaction developing in the nervous tissue of patients with PEM/PDN needs to be dissected at the molecular level using unbiased approaches. Given the dramatic and subacute course of the neurological disease in many patients with the anti-Hu syndrome, post-mortem tissues are available in which neurons are actively targeted by the immune system. A thorough investigation of the antigen specificity of CNS-infiltrating CD8^+^ T cells using a combination of tissue laser microdissection, TCR cloning and antigen screening[@R76]^,^[@R87] will inform whether HuD is the key antigenic target for pathogenic T cells or whether alternative/additional autoantigens are involved.

Animal models represent valuable tools to test hypotheses regarding the initiation and the effector mechanisms of human autoimmune diseases, as well as for the development of new therapeutic strategies. A valid animal model for the anti-Hu syndrome should recapitulate the following features: (1) the existence of one or more antigens that are expressed by both malignant cells and normal neurons; (2) the development of a detectable immune response against such shared antigens; (3) the inhibition of tumor growth by this antitumor immune response; (4) the immune infiltration of the nervous system as well as neuronal death and its related clinical consequences as a result of the antitumor/autoimmune response. To date, no animal model of the anti-Hu syndrome has been successfully developed. Attempts to mimic the human disease through the transfer of patient-derived IgGs or the deliberate immunization of experimental animals with HuD have resulted in high titers of circulating anti-HuD antibodies but no neuropathological lesions.[@R51]^,^[@R88] Interestingly, a mouse strain bearing a conditional deletion of both *Trp53* and *Rb1* in the lung develops Hu-expressing SCLCs. Although about 15% of these mice also develop high titers of anti-Hu antibodies in the serum, no neurological signs become manifest.[@R89] Similarly, the adoptive transfer of rat T~H~1 cells specific for an onconeural antigen led to meningeal and perivascular CNS inflammation but failed to induce neuronal damage or overt clinical manifestations in recipient animals.[@R90] Therefore, a robust animal model is still needed to pinpoint the immunological mechanisms leading to neurological tissue damage in patients with the anti-Hu syndrome, and to test therapeutic strategies aimed at blocking the encephalitogenic immune response without affecting productive antitumor immunity.

An early diagnosis of PEM/PSN is possible since the anti-Hu antibody provides a highly specific biomarker. The effective treatment of the underlying tumor represents the main but not the sole facet of PEM/PSN management. Indeed, a wealth of data suggests that immunotherapy should be initiated before neurological symptoms have reached their plateau. To date, various approaches have been used, ranging from high-dose corticosteroids, to intravenous immunoglobulins and cyclophosphamide, but they have provided benefit to a few patients.[@R7]^,^[@R44]^,^[@R91] A study showed no detectable adverse effects of these immunotherapies on tumor control or patient survival, although it was underpowered to detect the negative impact of a given intervention.[@R7] Based on the information detailed above, pointing at CD8^+^ T cells as key immune effectors of the neurological tissue damage experienced by patients with the anti-Hu syndrome, an early and aggressive targeting of these cells should be envisioned. Approved molecules preventing the entry of T cells into the nervous system, such as anti-α4 integrin antibodies or functional antagonists of the sphingosine-1-phosphate receptor, represent very attractive possibilities in this respect.[@R92]^-^[@R94] In addition, given the deleterious role of IFNγ in CD8^+^ T cell-mediated neurological disorders,[@R85]^,^[@R95] IFNγ blockade could also constitute a valuable strategy, provided that it does not interfere with anticancer therapy. Conversely, the blockade of immune checkpoints[@R96] should be tested with utmost caution in patients bearing tumors potentially associated with the anti-Hu syndrome, as they may unleash a dramatic neurological autoimmunity, in particular among individuals with detectable anti-Hu antibodies.
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BDNF

:   brain-derived neurotrophic factor

CNS

:   central nervous system

CSF

:   cerebrospinal fluid

DRG

:   dorsal root ganglia

ELAV

:   embryonic lethal abnormal visual

PBMC

:   peripheral blood mononuclear cell

PEM

:   paraneoplastic encephalomyelopathy

PND

:   paraneoplastic neurological disorder

PSN

:   paraneoplastic sensory neuronopathy

SCLC

:   small-cell lung cancer

TCR:

:   T cell receptor
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